The synthesis and enzymatic characterization of DUPAAA, a novel fluorogenic substrate for RNases of the pancreatic type is described. It consists of the dinucleotide uridylyl-3',5'-deoxyadenosine to which a fluorophore, o-aminobenzoic acid, and a quencher, 2,4-dinitroaniline, have been attached by means of phosphodiester linkages. Due to intramolecular quenching the intact substrate displayed very little fluorescence. Cleavage of the phosphodiester bond at the 3'-side of the uridylyl residue by RNase caused a 60-fold increase in fluorescence. This allowed the continuous and highly sensitive monitoring of enzyme activity. The substrate was turned over efficiently by RNases of the pancreatic type, but no cleavage was observed with the microbial RNase T v Compared to the dinucleotide substrate UpA, the specificity constant with RNase A, RNase PL3 and RNase U s increased 6-, 18-, and 29-fold, respectively. These differences in increased catalytic efficiency most likely reflect differences in the importance of subsites on the enzyme in the binding of elongated substrates. Studies on the interactions of RNase inhibitor with RNase A using DUPAAA as a reporter substrate showed that it was well suited for monitoring this very tight protein -protein interaction using pre-steady-state kinetic methods.
INTRODUCTION
The discovery of ribonucleases (RNases) that possess potent physiological activities has caused renewed interest in this class of enzymes. Moreover, studies suggesting the potential use of RNases as cytotoxins and antitumor agents in humans (1) demand a more detailed knowledge of their enzymatic properties.
In addition to the well-studied pancreatic RNases (2,3) three other families can be distinguished in mammals: (i) the angiogenins, which are RNases that stimulate neovascularisation (4), (ii) eosinophil derived neurotoxin (5) and eosinophil cationic protein (5) which are neurotoxins (6) , and (iii) RNase PL3 (7), RNase BL4 (8) and RNase 4 (9) , which are uridine-preferring enzymes with a yet unknown physiological role. They all degrade RNA via formation of nucleoside 2',3'-cyclic phosphates, and show a nearly exclusive specificity for cleavage after pyrimidines. However, their specific activities vary widely, e.g. angiogenin displays virtually no activity towards general substrates like wheat germ RNA (10) .
Ribonuclease inhibitor (RI), a cytosolic protein, (11) , inhibits ribonucleases of the above-mentioned families by forming a very tight complex with dissociation constants, A[j, in the range of 0.1 to 70 fM (12) (13) (14) . Studies on the RI-RNase interaction are of interest because of the possible regulatory function of this inhibitor. In previous studies on the kinetics of the RI-RNase A interaction a discontinuous approach was used, which employed dinucleotide substrates with subsequent product detection by HPLC (12) . In the case of angiogenin the association with RI was examined by stopped-flow kinetic techniques, making use of the increased intrinsic fluorescence of angiogenin in the complex (15) . The kinetics of dissociation were determined in a separate experiment (13) .
In order to study the association and dissociation of RNases with RI in a continuous fashion, a substrate which allows the detection of activity in the low pM-range would be required. Moreover, the study of the enzymology of RNases with very low activity would benefit from the availability of sensitive substrates. Since such substrates are not available [for an overview of RNase assays see: (2, 3, 16, 17) ] we undertook the synthesis and characterization of an internally quenched, fluorogenic RNase substrate.
MATERIALS AND METHODS Chemicals
Bovine pancreatic RNase A was obtained from Boehringer, Mannheim, FRG and purified by affinity chromatography (18) to ensure that the preparation contained only active molecules. Phosphodiesterase (PDE) from calf spleen and RNase Tj were purchased from Boehringer, Mannheim, FRG and used without further treatment. Recombinant RI and RNase PL3 were *To whom correspondence should be addressed expressed in E.coli and purified essentially as described previously (12, 19 ). RNase U s was purified by a combination of published methods (20, 21) .
Anhydrous solvents: CH 2 Cl2 and Af-ethyl-Af,./V-diisopropylamine were distilled over CaH 2 ; N,iV-dimethylformamide (DMF) was fractionally distilled with benzene under reduced pressure and subsequently over CaH 2 ; anh. CH 3 CN was purchased from Merck; dimethoxytrityl-protected (DMT-protected) cyanoethyl-phosphoramidite monomers, A^-benzoyl-deoxyadenosine (A^-benzoyl-dA) and 2'-O-?-butyldimethylsilyl-uridine (2'-0-TBDMS-U), were purchased from Millipore; solutions of 3% dichloroacetic acid in CH 2 C1 2 and anh. 0.5 M tetrazole in CH 3 CN were purchased from Pharmacia. All other chemicals were supplied by Aldrich or Fluka. Water used to prepare buffers that were used for the purification of the fluorogenic substrate was treated with 0.1 % diethyl pyrocarbonate for 180 min at 55°C, and sterilized.
General methods
Thin layer chromatography (TLC) was performed on glass plates (silica gel 60 F, 0.2 mm, Merck). Preparative chromatography was done by flash column chromatography on silicagel 60, 230-400 mesh (Fluka). Concentration of solutions was typically carried out under reduced pressure at 35°C, or lower. Solids were dried at room temperature (RT) in high vacuum (0.01 Torr) over P 2 O 5 and solid NaOH.
Fluorescence measurements were performed using a Perkin Elmer Luminescence Spectrometer LS 50 B equipped with a fourposition cuvette holder with excitation and emission at 325 nm (slitwidth 2.5 nm) and 415 nm (slitwidth 5.0 nm), respectively. The data were collected by a DECpc 433 dx MT computer using the software provided by Perkin Elmer. Absorbance measurements were carried out on a Hewlett Packard 8452A diode array spectrophotometer, equipped with a multicell transport.
'H-NMR and 31 P-NMR spectra were recorded on a Varian Unity 500 MHz in deuterated chloroform with tetramethylsilane as an internal standard or 85 % phosphoric acid as an external standard. Fast atom bombardment mass spectroscopy (FAB-MS) was performed on a Finnigan Mat 90, 8 keV XE fast atom beam, using a thioglycerin matrix.
Synthesis
The scheme describing the synthesis is shown in Fig.l 2-Aminobenzoic acid-benzotriazol-1-yl-ester (1) (22) . Dicyclohexyl-carbodiimide (9 g, 43.6 mmol) was added at RT to a solution of 2-aminobenzoic acid (5.5 g, 40 mmol), 1-hydroxybenzotriazole (5.4 g, 40 mmol) and N-methylmorpholine (0.9 ml, 8.2 mmol) in dioxane (20 ml) . After stirring at RT for 4 h, the precipitated urea was separated by filtration and the resulting solution concentrated to dryness. The crude product was recrystallized from isopropanol to give 1 (8 g, 79%). m.p. 136°C ( (22) 
40 mmol) was added followed by anh. 0.5 M tetrazole in CH 3 CN (2.5 ml, 1.25 mmol). The homogenous solution was stirred at RT under exclusion of moisture. After TLC indicated complete consumption of the starting material (30 min), a 3 M solution of f-BuOOH in toluene (1 ml) was added. After 15 min the solvent was evaporated and the residue dissolved in CH 2 C1 2 . The solution was extracted with 5% aq. NaHCO 3 (4x50 ml) and brine (1 x50 ml), dried over Na 2 SO 4 and concentrated in vacuo. The crude product (EtOH/CH 2 Cl 2 1:9, R f = 0.48) was redissolved in CH 2 C1 2 and loaded on a silicagel column (R f = 0). After washing with 3% dichloroacetic acid in CH 2 C1 2 (10 ml), the column was extensively washed with CH 2 C1 2 . The deprotected product (EtOH/CH 2 Cl 2 1:9, R f = 0.28) was eluted with a gradient of 1 -1 0 % of EtOH in CH 2 C1 2 to give the phosphotriester 4 (690 mg, 74 %). FAB-MS: 665 (2.3, M+H+), 419 (10), 391 (18) , 240 (36), 214 (10), 178 (11), 150 (14) , 149 (100), 148 (72). (6) . Phosphotriester 4 (400 mg, 602 /tmol) was dissolved under argon in anh. DMF (2 ml) and 5'-0-(4,4'-DMT)-2'-O-fm-butyldimethylsilyluridine-3'-O-(2-cyanoethyl)-diisopropylamido-phosphite (5) (1 g, 1.16 mmol) in anh. DMF (2 ml) was added to the stirred solution followed by anh. 0.5 M tetrazole in CH 3 CN (5 ml, 2.5 mmol). After TLC indicated a roughly 80% conversion (8.5 h), 3 M i-BuOOH in toluene (2 ml, 6 mmol) was added to oxidize the intermediate phosphite. After 30 min TLC indicated complete conversion (EtOH/CH 2 Cl 2 1:9, R f = 0.6) and the reaction mixture was worked up, 5'-O-deprotection and purification was performed as described for 4 to give 6 (411 mg, 60%; R f = 0.2). FAB-MS: 1160 (0.6, M+Na+), 1138 ( 
2-Cyanoethyl-[4-(2,4-dinitrophenylamino)butyl)-N,N-diisopropylphosphoramidite (8).
2-Cyanc>etnyl-iV,Akliisopropyl-chlorophosphine (Aldrich; 485 /d, 2.17 mmol) and Af-ethyl-//,./V-diisopropylamine (850 /tl, 4.9 mmol) were added to an ice-cooled solution of thoroughly dried alcohol 7 (638 mg, 2.5 mmol) in anh. CH 2 C1 2 (10 ml). After stirring for 10 min at 0°C, the reaction was quenched by addition of methanol. The resulting solution was extracted with 5% aq. NaHCO 3 (3x50 ml) and brine (50 ml), dried over Na 2 SO 4 
. Dinucleotide 6 (340 mg, 299 jtmol) was dissolved in anh. DMF (1.5 ml), and phosphoramidite 8 (683 mg, 1.5 mmol) and anh. 0.5 M tetrazole in CH 3 CN (4.5 ml, 2.25 mmol) were added. After completion of the reaction (60 min), 3 M f-BuOOH in toluene (1 ml, 3 mmol) was added and the reaction mixture stirred for another 30 min. Work up and purification were performed as described for compound 4 to give 9 (330 mg, 73%). 
5'-O-[4-(2,4-dinitrophenylamino)butyl]phosphoryl-uridylyl-(3'-5 ')-2 '-deoxyadenosine-3 '-[N-[ (2-aminobenzoyl)aminoprop-3-yl\-phosphate] (DUPAAA, 10
). Compound 9 (16 mg, 11.9 ftmol) was dissolved under exclusion of light in cone. aq. NH 3 /EtOH 3:1 and heated to 55°C for 8 h. The solvents were removed by lyophilization and the residue was taken up in 1.1 M (Bu) 4 N + F-X3H 2 O in THF (50 mol eq.) and vigorously stirred for 8 h at RT to remove the TBDMS-group. The reaction solution was diluted with the same volume of 0.05 M aq. triethylamineacetate (TEAA), pH 6 and loaded on an ion-exchange column (DEAE-Sephadex A50, 2.5x19 cm), at a flow rate of 0.5 ml/min . After washing with 200 ml of the same buffer, a linear gradient (0.05-0.45 M TEAA, pH 6) was applied. The compound eluted at 0.35 M TEAA. The fractions that were found to be pure by analytical reversed phase HPLC (system B) were combined and lyophilized. The residue was coevaporated six times from water/MeOH and finally lyophilized from water to give 10 (4.7 mg, 35%) as a pale, yellow powder. 'H-NMR (500 (11) . Compound 4 (20 mg) was dissolved under exclusion of light in 30 ml cone. aq. NH 3 /EtOH (3:1) and heated to 55 °C for 8 h. The solvents were removed under vacuum, and crude 11 was obtained after lyophilization from water. HPLC using system A yielded pure 11. 
'-Deoxyadenosine-3 '-{N-[ (2-aminobenzoyl)aminoprop-3-yl]-phosphate] triethylammonium salt

Analytical HPLC
Analytical reversed-phase HPLC of DUPAAA was performed on a 5fi Nucleosil C 18 column (Macherey-Nagel, Diiren, FRG) using a Hewlett Packard 1090 L chromatograph equipped with a diode-array detector and an automatic sample injector. The column was equilibrated in 0.05 M TEAA buffer, pH 6.0, and elution was achieved using a gradient of 0 -4 2 % CH 3 CN in the same buffer in 45 minutes at a flow rate of 1 ml/min (system A). Compounds containing the TBDMS protecting group were analyzed using a gradient of 7-56 % of CH 3 CN in 40 minutes (system B).
Analysis of the cleavage of DUPAAA by phosphodiesterase and RNase
To verify its structure, 10 nmol of DUPAAA in 50 fil 0.1 M Na-acetate, pH 6.5 were digested with 0.04 units of PDE for 24 h at 37°C, and the products were analyzed by reversed phase HPLC (system A). Four products were observed, and comparison of their elution times with those of the authentic compounds allowed three of them to be identified as: 3'-UMP (R, = 8.60 min.), 3'-(2'd)AMP (R, = 12.64 min), and 2-amino-JV-(3-hydroxypropyl)-benzamide (3) (R, = 14.12 min.) Since no reference compound was available for 4-(2,4-dinitrophenylamino)butyl phosphate (R, = 29.65 min.) it was identified by its UV-spectrum only. The products of cleavage by RNases were identified by reversed phase HPLC using a 5jt Hypersil C lg column (Shandon, Runcorn, UK) equilibrated with 4mM potassium phosphate, pH 7.0, containing 7.5 % acetonitrile. Elution was isocratic for 15 min, followed by a gradient of 2.3 % acetonitrile/min The flow rate was 0.8 ml / min throughout (system C).
The concentration of DUPAAA used to calculate the molar extinction coefficient (€400 = 9400 M" 1 cm" 1 ) was determined by measuring the phosphorus content, or the amount of 3'(2')dAMP released after digestion with calf spleen PDE. 3'(2')dAMP was quantitated using system C, except that 0.3% acetonitrile was included in the starting buffer (system D). Peak areas were related to the amount of 3'(2'd)AMP using a calibration curve made with the authentic compound, using e 2 60 = 15,600 M -' s " 1 (24) .
Kinetics
Kinetic experiments were performed in quartz cuvettes at 25 °C in 50 mM MES-NaOH, pH 6.0, containing 0.125 M NaCl, 0.1 % polyethylene glycol) (M r = 6000), 0.2 mM dithiothreitol (DTT) and 0.013 % Tween 20. To prevent cross-contamination, cuvettes were treated with a 5 % solution of diethyl pyrocarbonate in ethanol followed by several washings with ethanol and sterilized diethyl pyrocarbonate-treated water. The concentration of RNase A and RNase U s was determined by amino acid analysis, whereas that of RNase PL3 was determined by titration with accurately known amounts of RI at an enzyme, and inhibitor concentration well-above the dissociation constant (25) . The concentration of RI was determined as described previously (12) . Values for k^lKm for the various enzymes and substrates were determined from cleavage progress curves at substrate concentrations much smaller than K m . Under these conditions, and in the absence of product inhibition, cleavage obeys firstorder kinetics (26) . Substrate was preincubated at 25°C, and the reactions were started by the addition of RNase. Cleavage of DUPAAA was monitored continuously by the increase of fluorescence at 415 run, whereas that of uridylyl-3',5'-adenosine (UpA) was followed by the decrease in absorbance at 294 nm (27) .
Initial velocity measurements with DUPAAA to determine kâ nd K m were performed in a discontinuous fashion in order to circumvent inner filter effects caused by substrate concentrations above 4 yM. The reactions were carried out at different substrate concentrations (0.12-2.5 xK^ in sterile Eppendorf tubes. The fluorescence was measured at time intervals after dilution of an aliquot of the reaction mixture into buffer containing a 100-fold excess of RI over RNase. Fluorescence values were converted into product concentration by a calibration curve made from different dilutions of cleaved DUPAAA. A linear relationship between fluorescence and concentration of product was found (0.05-3 jtM; r = 0.9994). The values for k^ and K m for UpA were determined as described (27) . The dependence of k^lK^ on pH was studied using a threecomponent buffer system containing 25 mM acetate, 25 mM MES, 50 mM Tris, 100 mM NaCl, 0.1 % polyethylene glycol), and 1 mM EDTA. The pH was adjusted at 25°C using a Radiometer PHM 83 pH-meter. This buffer system provided sufficient buffering capacity in the range 4 -9 , at an essentially constant ionic strength (/ = 0.15; (28)) The inhibition of RNase A by RI was studied under pre-steadystate conditions. Progress curves of substrate cleavage in the presence of RI were measured by preincubating RI (1.14-11.4 pM) and substrate (5 jtM) at 25 °C in standard buffer, and starting the reactions by the addition of RNase (2.28 pM). The increase in fluorescence was monitored as a function of time. Under these conditions RNase was stable for at least 3 h as determined by the method of Selwyn (29) . In order to exclude artifacts caused by contaminating RNases, two control experiments were performed. The cleavage of a 5 /JM substrate solution in standard buffer was measured both in the presence and absence of a large excess of RI for the same length of time as the progress curves in the RI-RNase interaction experiments. Identical cleavage rates for the two experiments excluded contamination by RNases.
Theory and data analysis
Kinetic parameters of substrate cleavage. The programs GraFit (30) and Enzfitter (31) were used to analyze kinetic data. Data from progress curves of substrate cleavage were fitted to the appropriate first-order equation to yield the observed firstorder rate constant V^/^, (26) . Values for k c JK m were then calculated using the known enzyme concentrations. Individual values for k^ and K m were obtained by fitting initial-rate data to the Michaelis-Menten equation.
To calculate the ionization constants pK[ and pK 2 and the pHindependent value of ^cat^m (1™ ^cat^m). values for k^/Km obtained at different pH-values (3.97-9.00, at 0.25 pH -units intervals) were fitted to eq 1.
log (kcn/KJ = log lim 10 -P H /10-P K 1 + 1 0 " P K 2 / 1 0 -P
H (1)
RNase-RI interaction. The inhibition of RNase A by RI in the presence of a substrate can be represented by the mechanism in Scheme I (12), where K m is the Michaelis constant for the substrate, k^ is the catalytic constant, k x and k 2 are the association-, and dissociation rate constants, respectively.
Scheme I
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Slow, tight-binding inhibition. Slow inhibition is obtained when the equilibrium for the formation of the enzyme-inhibitor complex is established slowly. This process can be monitored by including substrate in the reaction mixture, since the rate of product formation will decrease with time. The progress curve of product formation for the reaction in Scheme I under tightbinding conditions will be described by (32, 33) :
where P is the amount of product formed at time t, d is a function of E t , I t and K,, and k' is a function of these parameters and the second-order rate constant k { for the interaction between the inhibitor and enzyme (32) . Progress curves were obtained at different concentrations of inhibitor at fixed substrate and enzyme concentrations, and the data points were fitted to eq 2 by multiple nonlinear regression. This analysis yielded estimates for the apparent values of K it and k\. These were corrected for the presence of substrate to yield the true values as described (12) .
RESULTS
Synthesis and structural characterization
The chemical structure and synthesis of the fluorescent RNase substrate, DUPAAA (10) , is shown in Figure 1 . The synthesis was carried out in solution, starting with the fluorophore, 2-amino-AH3-hydroxypropyl)-benzamide (2). The protected phosphoramidite derivatives of deoxyadenosine (3), uridine (5), and the quencher, 4-(2,4-dinitrophenylamino) butan-1-ol (7), were then used to build the modified dinucleoside phosphate, employing standard phosphoramidite chemistry (34) . The yield of each cycle of coupling, deprotection, and purification was approximately 70%. No significant side-reactions with the unprotected amino group of the o-amino-benzamide moiety were observed, and the final product was obtained with an overall yield of 15 %. The purity of the final product was assessed by reversed phase HPLC, which yielded a single peak (Fig. 2, upper panel,  peak A) . Also the use of a much shallower gradient (system A) revealed only one product. The correctness of the structure was verified in a number of ways: i. The absorption spectrum of DUPAAA showed maxima at 260, 360, and 400 nm, in agreement with the presence of the uridylyl, adenylyl, and dinitroaniline moieties (the absorption band of the o-aminobenzamide group was not detectable due to spectral overlap), ii. The 'H-NMR-spectrum was in complete agreement with the proposed structure (see 'Methods'). DUPAAA was soluble in water, and solutions were stable at -20°C for at least 6 months without significant decomposition. The concentration of the compound could conveniently be determined by measuring the absorbance at 400 run (6400 = 9400 M" 1 cm" 1 ).
Enzymatic characterization
Cleavage of RNA by pancreatic-type RNases results in the formation of nucleoside 2',3'-cyclic phosphates, which are slowly hydrolyzed to the nucleoside 3'-phosphates in a subsequent reaction (3) . Complete cleavage of DUPAAA with low concentrations of RNase A, RNase U s and RNase PL3 yielded the same two products upon analysis by reversed phase HPLC. As a representative example, the results obtained with RNase A are shown in Fig.2 (middle panel) . The product in peak B comigrated with authentic 2'-deoxyadenosine-3'-{A4(2-aminobenzoyl)aminopropyl])-phosphate (dApaa; 11), whereas that in peak C had spectral properties in agreement with it being 5'-O-(2,4-dinitrophenylaminobut-4-y 1) uridine-2', 3' -cyclic-phosphate.
The interpretation that peak C contained a nucleoside cyclicphosphate was supported by the finding that it was converted into a product with a much shorter retention time upon incubation with large amounts of RNase A (Fig.2, peak D, lower panel) .
Since the spectral properties of products C and D were very similar we concluded that the corresponding 3'-phosphate had been formed. These results showed that DUPAAA was cleaved by RNase in a way analogous to that of di-and oligo-nucleotide substrates. Complete cleavage of DUPAAA resulted in a 60-fold increase in fluorescence at the optimal emission wavelength (415 nm; Fig.3) , which allowed the sensitive determination of RNase activity (see below).
Kinetic analysis of substrate hydrolysis
The kinetic constants for the cleavage of DUPAAA by three different RNases (RNase A, RNase U s , and RNase PL3) were determined, and the results have been compared with those of the dinucleoside phosphate uridylyl-3',5'-adenosine (UpA) ( Table  I) . DUPAAA was a good substrate for pyrimidine-specific enzymes, with specificity constants (k^/K^ that were higher The curves represent the fit of the data to eq 1 and were calculated using the values of the parameters given in Table 2 . than that of Up A in all three cases. Determination of the values for k at and K m showed that for RNase A the increase in catalytic efficiency resulted from a decrease in K m , whereas k^ was the same as that for UpA. In contrast, with RNase PL3 both K m and k csx had decreased (Table I ). The selectivity of DUPAAA for pyrimidine-specific RNases was demonstrated by the very inefficient cleavage by the purine-specific enzyme RNase T,.
The specificity constant for this enzyme was about 6 orders of magnitude lower than that for RNase A. The interaction of RNase A with DUPAAA was further studied by determining the pH-dependance of k m /K m . For the RNase A-catalyzed cleavage of DUPAAA, as well as for that of the dinucleotide substrate UpA, a bell-shaped curve with an optimum at pH 5.9 was observed (Fig.4) . In the case of DUPAAA the values of ^ca/AT,,, at pH 4.0 and 4.5 deviated from the theoretical curve described by eq 1 (see 'Methods')-The values for the ionization constants pK[ and pK 2 obtained from these data were identical for both substrates (Table II) . These values were in good agreement with those found in an earlier study on the interaction of 2',3'-cCMP and RNase A (35), but they differed from those reported for UpA and RNase A (36) .
DUPAAA is a very sensitive RNase substrate. This was exemplified by the rates of fluorescence increase, which were 2.3 xlO" 3 relative fluorescence units/s//*M of substrate/pM RNase A and 4.5 X 10~4 relative fluorescence units/s//*M of substrate/pM RNase PL3, under conditions where the initial velocity is directly proportional to the substrate concentration ([S] < < !£"). This puts the lower limit of activity that can be measured reliably at 50 fM RNase A, and 250 fM RNase PL3, at a substrate concentration of 5 i*M.
Interaction of RI with RNase
In order to test the suitability of DUPAAA for the analysis of the RNase-RI interaction, the pre-steady-state kinetics of the formation of enzyme -inhibitor complex were determined from the decrease in the rate of substrate cleavage. Progress curves were obtained at 7 different concentrations of RI, and the data (Fig.5) were fitted to eq 4. This yielded values for the inhibition constant, K iy and the association rate constant, k t , of 113 ± 3 fM and (1.13 ± 0.004)x 10 8 M-'s" 1 , respectively. The value for the dissociation rate constant, kj, was calculated from the relationship K { = k 2 lk x , and found to be (1.48 ± 0.04) X 10~5 s" 1 (the values represent the weighted means and standard errors of 3 independent experiments). Values were determined in duplicate in a three-component buffer, pH 3.97 -pH 9.0 at 25°C as described under 'Methods'. The data were fitted to eq 1, and the resulting values are given together with their standard errors. this paper a K v it|, and k^ have been defined in Scheme I (see 'Data Analysis'). b k l was determined in a competition assay using angiogenin, whereas kj was determined by measurement of the RNase A-RI complex in the presence of a large amount of practically inactive scavenger RNase. K, = k 2 I k t .
DISCUSSION
We report here on the synthesis of DUPAAA, a sensitive, welldefined substrate for RNases that cleave on the 3'-side of pyrimidine residues. Its design was based on the fact that uridylyl-3',5'-adenosine is a good substrate for this type of RNases (3). Furthermore, previous attempts to replace the adenosyl moiety, e.g. by a chromogenic group, resulted in substrates with very low turn-over numbers (16) , in agreement with it playing a role in substrate-enzyme interaction (3). Therefore, we applied the concept of release of intramolecular quenching by enzymatic cleavage (37) , which allowed us to keep the essential uridyly 1-3',5'-adenosyl moiety intact. The quencher, 2,4,-dinitroaniline, and the fluorophore, o-aminobenzoic acid (38) , were attached to the 3'-and 5'-end of the dinucleotide uridylyl-3',5'-2'-deoxyadenosine (UpdA) by means of phosphodiester linkages to mimic the nucleic acid structure. Moreover, spacer arms were introduced between these moieties and the phosphates in order to prevent unwanted interactions with the catalytic apparatus of the enzyme. The resulting substrate showed a high quenching efficiency, 60-fold, compared to 7-to 33-fold found for peptide substrates containing the same quencher and fluorophore (38) , and good enzymatic properties as reflected by the high values of k al IK m (Table I) . Although the mechanism of quenching has not been established, the distance-dependent long-range resonance energy transfer mechanism (39) may be operating, since an overlap between the absorption band of the quencher and the emission spectrum of the fluorophore exists. The concentration range in which a fluorescent substrate can be used is limited due to inner-filter effects (40) . A linear relationship between the concentration of completely cleaved DUPAAA and the increase in fluorescence was found up to 4 pM. Therefore, at concentrations above 4 fiM of DUPAAA corrections for innerfilter effects have to be made when converting fluorescence into concentration units, or when rates at different substrate concentrations are compared.
Three other examples are known where intramolecular quenching was applied to the design of RNase substrates. Oligonucleotides containing fluorescent adenosine analogues (ribo(2-aminopurine-p-T ) n ) were prepared by Ward et al. (41) , and their degradation by RNase A was shown to result in an approximately 15-fold increase in fluorescence. Kanaoka and coworkers synthesized fluorescent substrates for RNase T, in which derivatives of bimane were coupled to GMP. The increase of fluorescence upon total cleavage was approximately 3-fold, and k,JK m values of 4.4xlO 2 to 1.8X10 3 M -' s " 1 were reported (42) . Recently, Fitzgerald and Hartley described the use of polyethenoadenosine as a substrate for barnase, based on a 7-to 8-fold increase in fluorescence upon cleavage (43) .
The products produced by the cleavage of DUPAAA by RNase A were analogous to those described for di-and oligo-nucleotides (2) . Moreover, the same ionizable groups in the enzyme were involved in catalysis as judged from pH-studies ( Fig.4 ; Table U), However, compared to UpA the catalytic efficiency with DUPAAA had increased about 6-fold (Table I ). It seems unlikely that this increase resulted from the use of deoxyadenosine, since no difference in the kinetic parameters for UpA and UpdA with RNase A have been found (2) . Previously, such improved catalytic efficiency with elongated substrates has been explained by the interaction between the additional phosphate groups and positively charged subsites on the enzyme (44, 45) . In this model the phosphate on the 5'-side of the pyrimidine (the p o -subsite) is bound by Lys-66, whereas the one on the 3'-side of the purine (the p2-subsite) is bound by Lys-7 and Arg-10. It is not known whether subsites also exist in RNase U s and RNase PL3. If so, they can not be the same in RNase U s , since the basic amino acids have been replaced by neutral ones (p o : Lys-66 -Pro; p 2 : Lys-7 -Trp and Arg-10 -Thr). Nevertheless, the enhancement of the catalytic efficiency for RNase U s (29-fold) was much larger than that for RNase A. In RNase PL3 the residues forming the subsites have been conserved, but also in this case a larger increase in catalytic efficiency (18-fold) was observed. Possibly, RNase U s and RNase PL3 have additional interactions with DUPAAA.
A major impetus for the synthesis of DUPAAA was the need for a substrate to monitor the RNase-RI interaction. Since the values for the inhibition constant are in the fM-range this required the reliable, and preferably continuous, measurement of RNase activity at low pM concentrations. The methods that have been employed so far, although moderately sensitive, suffered from the drawback of being discontinuous (12, 13, 15) . The studies presented here demonstrate that DUPAAA allows the continuous monitoring of the formation of the RNase-RI complex by progress curve analysis (Fig.5) . The values for the kinetic parameters, K,, k u and k 2 (see Scheme I) have been summarized in Table III together with those obtained by other methods. A good agreement with the previously determined values was observed.
In conclusion, we have described the synthesis of a sensitive fluorogenic substrate for pyrimidine-specific RNases. The substrate is suitable for the study of the enzymology of RNases and of the RNase-RI interaction. In principle, the approach of internal fluorescence quenching should be applicable to substrates for nucleases in general.
